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Functional MRIVoice and speech in Parkinson's disease (PD) patients are classically affected by a hypophonia, dysprosody, and
dysarthria. The underlying pathomechanisms of these disabling symptoms are not well understood. To identify
functional anomalies related to pathophysiology and compensation we compared speech-related brain activity
and effective connectivity in early PD patients who did not yet develop voice or speech symptoms and matched
controls. During fMRI 20PDpatients ONandOFF levodopa and 20 control participants read75 sentences covertly,
overtlywith neutral, or with happy intonation. A cue-target reading paradigm allowed for dissociating task prep-
aration from execution.We found pathologically reduced striato-prefrontal preparatory effective connectivity in
early PD patients associated with subcortical (OFF state) or cortical (ON state) compensatory networks. While
speaking, PD patients showed signs of diminished monitoring of external auditory feedback. During generation
of affective prosody, a reduced functional coupling between the ventral and dorsal striatum was observed. Our
results suggest three pathomechanisms affecting speech in PD: While diminished energization on the basis of
striato-prefrontal hypo-connectivity together with dysfunctional self-monitoring mechanisms could underlie
hypophonia, dysarthriamay result from fading speechmotor representations given that they are not sufﬁciently
well updated by external auditory feedback. A pathological interplay between the limbic and sensorimotor stri-
atum could interfere with affective modulation of speech routines, which affects emotional prosody generation.
However, early PD patients show compensatory mechanisms that could help improve future speech therapies.
© 2013 The Authors. Published by Elsevier Inc. All rights reserved.1. Introduction
Parkinson's disease (PD) is a neurodegenerative disease that presents
with voice and speech symptoms (Möbes et al., 2008). About 90% of PD
patients suffer from voice and/or articulatory symptoms in the course
of their disease (Aronson, 1990). Voice symptoms usually precedeus; COMT, catechol-O-methyl-
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lished by Elsevier Inc. All rights reserdysarthria: PD patients classically speak in a soft and breathy voice that
lacks modulation in volume (monoloudness) and fundamental frequen-
cy (monopitch), resulting in ﬂat speech melody (dysprosody) (Canter,
1963). When voice symptoms like hypophonia are accompanied by
speech symptoms like hypokinetic dysarthria in later stages of the dis-
ease the patients' speech often becomes incomprehensible (Logemann
et al., 1978). Neither hypophonia nor dysarthria responds well to dopa-
minergic treatment (Rascol et al., 2003; Romito and Albanese, 2010)
and both symptoms often worsen upon deep brain stimulation of the
subthalamic nucleus (Klostermann et al., 2008). Speech and language
therapy regimes that focus on voice symptoms by training patients in
speaking more loudly and with more increased vocal effort are a partic-
ularly effective therapeutic tool (Fox et al., 2002; Ramig et al., 2004). Re-
vealing the pathomechanisms underlying hypophonia and dysarthria
could help improve our therapeutic efforts. Hypophonia has been sug-
gested to be caused by a reducedmotor drive on the basis of basal ganglia
dysfunction, which reminds pathomechanisms of general hypokinesia
(Fox et al., 2002). The reduced motor drive may translate into reduced
speech intensity but also diminished intensity modulation. This may
affect particularly the speech melody inducing monopitch and mono-
loudness. Prosody may also be affected by dysﬂuencies that result in
rate changes and inappropriate silences. Indeed, prosody productionved.
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The basal ganglia have been shown to be part of sensorimotor loops con-
trolling prosody production but are also thought to modulate speech
melody as a function of affective state (Pichon and Kell, 2013). Given
that PD patients' speech symptoms become particularly pronounced
during emotional speech (Benke et al., 1998; Caekebeke et al., 1991) gen-
eration of affective prosody may be impaired earlier than prosody of
emotionally neutral utterances.
In addition, PD patients often fail to increase their speech volume
when the environment is noisy (Ho et al., 1999). Importantly, they
also fail in reducing their speech volumewhen they receive loud audito-
ry feedback (Ho et al., 2000). This suggests that PD patients not only
have difﬁculties in speaking loudly but also in scaling their speech vol-
ume. Physiologically, speech volume can be evaluated on the basis of
motor awareness or by judging auditory or somatosensory feedback.
Thus, disturbed volumetric scaling in PD could result either from a pri-
mary dysfunctional sensorimotor integration during speech production
and/or a secondary perceptual deﬁcit (Ho et al., 2000). Finally, there is
ongoing debate whether hypokinetic dysarthria primarily reﬂects ab-
normal muscle tone or rather hypokinesia of articulators (Berardelli
et al., 2001). Yet,we hypothesize that dysarthria could also be a late con-
sequence of pathological sensorimotor integration. Sensorimotor loops
could not only be used to scale speech intensity but are also thought
to contribute substantially to phonematic processing: Speech is thought
to depend on overlearned feedforward speech motor commands that
are represented in the opercular part of the left inferior frontal gyrus
(IFG) and ventral premotor cortex (Ghosh et al., 2008). These represen-
tations are learned during language acquisition on the basis of sensori-
motor mapping and are for the rest of the life shaped and updated by
sensory feedback. The sensorimotor cortico-basal loops involved in
speaking have been proposed to host an internal model that represents
and functionally couples feedforward plans and sensory consequences
of articulatory gestures (Hickok et al., 2011). Imprecise sensorimotor
mapping resulting from basal ganglia dysfunction could lead to fading
speech motor representations and thus induce dysarthria.
So far, functional imaging studies on speech symptoms in PD have
focused on symptomatic patients. They have shown that PD patients'
dysarthrophonia is associated with functional anomalies in the basal
ganglia, orofacial motor cortex, and cerebellum, together with an in-
creased recruitment of premotor and prefrontal cortices during speech
production (Liotti et al., 2003; Pinto et al., 2004). However, given that
the included patients were symptomatic regarding speech symptoms,
these studies cannot dissociate whether the observed functional anom-
alies are cause or consequence of speech symptoms. In case of overt
speech symptoms, the functional anomalies could point to different be-
havior during scanningwhich renders interpretation of such results dif-
ﬁcult. We thus performed a functional magnetic resonance imaging
(fMRI) study in early PD patientswhodid not yet experience speech dif-
ﬁculties at the time of testing. Nearly all included patients developed
hypophonia and/or dysarthria two years after inclusion in this study.
Functional anomalies in brain activity observed in these patients could
directly point to consequences of PD pathology that will eventually
lead to development of symptoms but cannot be explained by different
speech behavior at the time of scanning. Yet, these anomalies could also
reﬂect compensatorymechanisms that helpmaintaining speech normal
despite disease activity. In our study, we use the comparison between
PD patients ON and OFF medication to separate pathological from com-
pensatory anomalies: Given that the included patients speak normal
under both conditions, we interpret anomalies that are levodopa-
responsive as compensatory, because the increased dopamine availabil-
ity ON medication diminishes the need for compensation. Please note
that this aspect is not contradictory with the ﬁnding that overt speech
symptoms are usually not levodopa-responsive (Rascol et al., 2003;
Romito and Albanese, 2010) but rather acknowledges that dopamine
depletion may play a role in the generation of speech symptoms. In-
deed, left-lateralized dopaminergic signaling has been implicated inovert articulation (Simonyan et al., 2013) suggesting that dopamine de-
pletion and replacement may affect cortico-basal speech networks de-
spite the inefﬁcacy of acute levodopa administration on the behavioral
level.
Given previous hypotheses on pathomechanisms in hypokinetic
dysarthria (see above), we tested whether we could detect correlates
of a reduced drive to act prior to articulation by dissociating, as in previ-
ous studies (Kell et al., 2011; Pichon and Kell, 2013), a cognitive prepa-
ration phase frommotor preparation and ongoing articulation. Thus, PD
patients (ON and OFF medication) and matched control participants
were scanned during a cue-target reading paradigm (see Material and
methods section). To reveal different sensorimotor speech processing
our analyses focused on the contrast between overt and covert reading.
We also investigated happy reading because affective prosody genera-
tion requires additional drive and vocal effort, modulation of speech in-
tensity and fundamental frequency and necessitates interactions
between the limbic and the sensorimotor striatum (Pichon and Kell,
2013). To target cortico-basal loops, we studied voxel-wise brain activ-
ity as well as effective connectivity between selected cortical and sub-
cortical brain regions involved in speech production.
We found pathologically reduced striato-prefrontal preparatory ef-
fective connectivity in early PD patients as a possible cause of a reduced
drive to act associatedwith subcortical (OFF state) or cortical (ON state)
compensatory networks. Additionally, PD patients' brain activity and
connectivity patterns suggested diminished monitoring of external au-
ditory feedback (deﬁned as hearing one own's voice while speaking)
and increased processing in a network involved in feedforward control
during speech production. Reduced functional coupling between the
limbic ventral and sensorimotor dorsal striatumduring generation of af-
fective prosody may point to already disturbed processes underlying
emotional modulation of ongoing prosody prior to overt speech symp-
tom onset.
2. Material and methods
2.1. Participants
20 native German PD patients in early stages of their disease (prior
to typical Parkinsonian speech symptom onset, without overt speech
or voice difﬁculties, Hoehn and Yahr stage I and II (Hoehn and Yahr,
1967), eight female, mean age 63.9 years, SEM = 1.5 years, average
laterality quotient of 66.1 as measured by the Edinburgh handedness
preference inventory (Oldﬁeld, 1971)) were recruited from the Neuro-
logical outpatient department of Goethe University Hospital, Frankfurt,
Germany.
All patients fulﬁlled the standard UK Brain Bank clinical diagnostic
criteria for idiopathic Parkinson's disease (Hughes et al., 1992) and
were diagnosed by an experienced movement disorders specialist. Ex-
clusion criteria were any overt speech difﬁculties, hearing or reading
impairments, which were evaluated by two independent speech lan-
guage pathologists, aswell as general MRI exclusion criteria.We further
excluded subjects with pronounced head tremor, dementia, neurologi-
cal, psychiatric and affective disorders, based on an in depth analysis
of the past medical history, a clinical neurological, and a neuropsycho-
logical exam. The latter was performed by an experienced neuropsy-
chologist using the Geriatric Depression Scale (Yesavage et al., 1983),
the Mini-Mental-State-Examination (Folstein et al., 1975), and the de-
mentia detection test (Kalbe et al., 2004).
Patients were studied twice on two different mornings, once with
(ON) and once without (OFF) dopaminergic treatment (N12 h wash-
out). To achieve a standardized ON condition, PD patients received sol-
uble 200 mg levodopa and 50 mg benserazid before testing (Hilker
et al., 2005). After 30–60 min all patients reached a sufﬁcient ON stage
without hyper-dopaminergic symptoms. To minimize effects of experi-
mental repetition, a time-interval greater than two weeks between the
two testings was chosen. Half of the PD patients were scanned ﬁrst OFF
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other half were scanned vice versa to counterbalance medication status
in the experimental testing.
Disease severity was measured by the Uniﬁed Parkinson's Disease
Rating Scale (UPDRS) on both occasions (Fahn et al., 1987). Individual
scores of the motor part of the UPDRS (UPDRS III, Tables 1 and 2) were
used for subsequent correlation analyses with fMRI data (mean 17.4,
SEM = 1.3 for the ON; mean 26.1, SEM = 1.7 for the OFF-condition;
OFF vs. ON: p b 0.001). The correlation of fMRI activity or effective con-
nectivity data with UPDRS III did not reveal any signiﬁcant (p b 0.005,
uncorrected) results and is thus not further reported. Neither behavior
nor imaging results were signiﬁcantly different between PD patients in
stage I and II or between akinetic rigid PD and tremor-dominant PD pa-
tients. Consequently, PD patients were treated as one group.
All PD patients were at early stages of their disease (disease duration
since diagnosis 5.8 years, SEM = 0.8) and did not yet report or showed
speech difﬁculties as objectiﬁed by two independent experienced
speech language pathologists, who were otherwise not involved in
this study. Most PD patients were on anti-Parkinson-medication
(mean equivalent levodopa dose 449.9, SEM = 71.0) (Hilker et al.,
2005). Three patients were drug-naive.
14 out of 15 patients who we managed to contact again two years
after inclusion in the study reported the development of typical Parkin-
sonian speech symptoms (either hypophonia or dysarthria or both),
suggesting that our patient sample was representative and indeed
pre-symptomatic regarding speech symptoms.
20 healthy control participants with the same inclusion and exclu-
sion criteria as the patients were matched to the PD patients regarding
gender, age, handedness and polymorphisms in genes relevant for syn-
aptic dopamine concentration (Tables 1–3). There were no statistically
signiﬁcant between-group differences (patients versus control partici-
pants) regarding age, handedness and dopaminergic polymorphisms.
Controls were only scanned once in the morning and were recruited
from the Frankfurt Senior Citizens University, an education institution
for older adults without speciﬁc education qualiﬁcation.
All participants were native German speakers, gave informed con-
sent and were paid for their participation. The study was approved by
the local research ethics committee.
2.2. Genetic analyses
Neurotransmission of dopamine is physiologically inﬂuenced by two
functional polymorphisms in genes relevant for synaptic dopamine clear-
ance: catechol-O-methyltransferase (COMT) is a dopamine degrading en-
zyme that is mainly expressed in prefrontal cortex (Karoum et al., 1994;
Matsumoto et al., 2003a,b; Reuter et al., 2009), while synaptic dopamine
clearance in subcortical regions is primarily controlled by the dopamine
transporter (DAT1) (Ciliax et al., 1995; Dreher et al., 2009; Sesack et al.,
1998). Because these polymorphisms have been shown to inﬂuence
brain activity and behavior (Colzato et al., 2010; de Frias et al., 2010;
Garcia-Garcia et al., 2010), we balanced these polymorphisms in our
groups (Tables 1–3).
Whole blood samples were collected from all participants. DNA was
extracted fromperipheral blood leukocytes usingDNeasy Blood andTis-
sue kit (Qiagen, Hilden, Germany). The polymerase chain reaction
(PCR)-based polymorphism-genotyping was carried out in 20 μl withTable 1
Comparison of the demographic and clinical features of the PD patients and matched controls.
N Mean age (SEM) Sex
F:M
Mean laterality
quotient
COMT
mm:mv:vv
DA
10
PD patients 20 63.9 (1.5) 8:12 66.1 9:9:2 12
Controls 20 64.2 (1.2) 8:12 70.6 9:9:2 12
N = number of participants; SEM = standard error of the mean, written in parenthesis; M =25 ng genomic DNA, 0.5 U AmpliTaq Polymerase (Life Technologies,
Darmstadt, Germany), 5 pmol from each primer (COMT F: GGGGG
CCTACTGTGGCTACTC, COMT R: CCCTTTTTCCAGGTCTGACA, DAT1 F:
gtagggaacggcctgagAG, DAT1 R: CCAGGCAGAGtgtggtctg) and 0.2 mM
dNTPs. PCR conditions were 3 min for initial denaturation at 94 °C,
35 cycles at 94 °C for 30 s for denaturation, 30 s at 60 °C (DAT1)
and 57 °C (COMT) for annealing, and 50 s at 72 °C for extension,
followed by 7 min at 72 °C for ﬁnal extension. The PCR products
were separated in Agarose 2% DAT1 or NuSieve 4% COMT and visual-
ized with Ethidium Bromide.
The COMT polymorphism (SNP g/t) creates a new NlaIII restriction
site. The 178 base pairs (bp) PCR products were subjected to restriction
digestion with Nla III (NEB, Frankfurt, Germany) following the
manufacturer's instructions. The COMT val/val genotypewas represent-
ed by 114, 34, 30 bp, met/met by 96, 34, 30, 18 bp, and met/val by 114,
96, 34, 30 and 18 bp.
The DAT1 polymorphism is a VNTR with a 40 bp repeat (Sano et al.,
1993). A 450 bp PCR fragment represents the allele with 10 repeats,
whereas the 410 bp fragment represents the allele with 9 repeats.
2.3. Behavioral data acquisition and analysis
2.3.1. Speech sampling and training of affective prosody
Five German semantically neutral declarative sentences (e.g. ‘Alte
Mühlen mahlen schnell viel Korn’, translated: ‘Old mills grind rapidly
lots of corn’) were presented visually one after the other. First, partici-
pants read the sentences out loud with their habitual voice and neutral
intonation. Then, theywere asked to read the same sentences again in a
happy intonation. Given that all participants hesitated reading a neutral
sentence happily, all subjects were trained to utter a neutral sentence
with happy intonation, thus producing convincing affective prosody
(Pichon and Kell, 2013). Training consisted in instructing participants
to imagine being happy (emotion induction) but also in model learning
by imitating increased effort, speech intensity, modulation and affective
nuance. Speech samples were audio-recorded and stored for further
analysis.
2.3.2. Acoustic speech analyses
Non-dysﬂuent speech recordings of overt reading were analyzed re-
garding speech intensity, intensity variation, spectral range, spectral
change, fundamental frequency variation, and reading time (Rosen
et al., 2006) using PRAAT (http://www.fon.hum.uva.nl/praat/) (Boersma
and Weenik, 1996). For speech intensity analyses, sound pressure level
in dBwas transformed into linear sound pressure values. After calculating
themean intensity for all sentences separately for groups and conditions,
values were retransformed into sound pressure level in dB. Intensity var-
iation was deﬁned as the standard deviation of the root mean square in-
tensity curve contour (5-point averaged). Spectral range corresponded
to the range between the minimum andmaximum intensity in dB. Spec-
tral change as deﬁned by the intensity's ﬁrst derivate over time in dB/ms
describes the median intensity change of the whole spectrum (Rosen
et al., 2006). We used the time that participants required to read the
ﬁve sentences as a measure of speaking rate. The standard deviation of
fundamental frequency was calculated and reﬂects how much a speaker
modulates his voice in terms of frequency (Pichon and Kell, 2013). Alto-
gether, these acoustic parameters reﬂect acoustic contrastivity duringT1
repeat:9 repeat
Mean UPDRS III
(SEM)
Mean disease
duration (years)
(SEM)
Mean equivalent
levodopa dose (mg/day)
(SEM)
:8 ON: 17.4 (1.3)
OFF: 26.1 (1.7)
5.8 (0.8) 449.9 (71.0)
:8 0.4 (0.2) – –
male, F = female; mm = met/met, mv = met/val, vv = val/val.
Table 2
The patients' characteristics.
Patient Age Sex Laterality
quotient
COMT DAT1 UPDRS
III ON
UPDRS
III OFF
H &
Y
Disease
duration
(years)
Medication Equivalent
levodopa
dosea
(mg/day)
After two years follow up
UPDRS
III ON
Dysarthriab Hypophoniab Speech
therapyc
1 57 F 80 mm 9/10 11 25 I 11 l-dopa, selegeline 500 28 + + + −
2 75 M 100 mv 9/10 23 29 II 7 l-dopa, COMT-inhibitor,
pramipexole
650 33 + + ++ −
3 58 M −66 mm 10/10 25 32 II 5 l-dopa, pramipexole 163 23 + + ++ +
4 58 F 100 mv 10/10 16 14 I 8 pramipexole 200
5 61 F 100 mv 10/10 18 23 I 1 none 0
6 67 M 67 mm 10/10 16 20 II 4 l-dopa, selegeline, pramipexole 400
7 63 F 100 mv 10/10 12 22 II 3 l-dopa, COMT-inhibitor,
selegeline
600 22 + + +
8 52 F 80 mm 9/10 23 36 II 3 l-dopa, COMT-inhibitor,
selegeline
1140
9 64 M −100 mm 9/10 10 14 I 2 l-dopa, ropinirole 460 26 + + + +
10 66 M 0 mm 9/9 20 31 II 8 piribedile 200
11 72 M 100 vv 10/10 10 18 II 3 selegeline, ropinirole 480 22 + + ++ +
12 72 M 67 mm 10/10 20 30 II 4 none 0 + + −
13 69 M 82 mv 10/10 14 23 I 7 l-dopa 300 13 − − −
14 64 F 82 mm 9/9 13 18 II 3 none 0 15 + + −
15 73 F 100 mv 9/9 23 30 II 10 l-dopa, pramipexole 900 30 + + + −
16 54 F 100 mv 10/10 29 39 II 3 selegeline, ropinirole 480 33 + + + +
17 63 M 80 mm 10/10 21 31 I 12 l-dopa, pramipexole, cabergoline 750 + + +
18 61 M 82 mv 10/10 11 28 II 5 l-dopa, selegeline, ropinirole 900 + + −
19 70 M 67 vv 10/10 13 18 I 5 l-dopa, ropinirole 575 15 − ++ −
20 58 M 100 mv 9/9 20 40 II 12 l-dopa, selegeline 300 23 + + ++ +
M = male, F = female; H & Y = Hoehn and Yahr stage; mm = met/met, mv = met/val, vv = val/val.
a 1 mg of pramipexole = 5 mg of ropinirole = 60 mg of piribedile = 2 mg of cabergoline = 100 mg of levodopa (=l-dopa) (Hilker et al., 2005).
b Speech symptoms: ++ severe, + mild,− none .
c Speech therapy: + yes,− no.
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hypokinetic dysarthria (Rosen et al., 2006).
Condition-speciﬁc group means of all these acoustic parameters as
dependent variables were compared using mixed model analysis in
SPSS (SPSS Inc., Chicago, IL, USA) including the following factors: condi-
tion (neutral prosody, untrained and trained happy prosody), group (20
PD patients and 20 control participants for the two between group anal-
yses or 20 PD patients ON medication and 20 PD patients OFF medica-
tion for the within group analyses). We tested for condition-
dependent group differences (interaction of condition × group), signif-
icant at p b 0.05. Post-hoc t-tests were performed in case of signiﬁcant
interactions. We were able to acquire acoustic data in 12 PD patients
2 years after inclusion in the study (ON medication) using the sameTable 3
The controls' characteristics.
Control participant Age Sex Laterality quotient COMT DAT1 UPDRS III
1 71 M 100 mm 10/10 0
2 62 F 80 mv 9/10 0
3 62 M 100 mm 10/10 0
4 68 F 82 mv 9/10 0
5 66 F 100 mm 9/10 0
6 63 F −50 mm 10/10 0
7 62 M 64 mm 9/10 0
8 69 M 100 mv 10/10 3
9 70 M 80 mm 10/10 3
10 63 F 100 mm 10/10 0
11 71 M 82 vv 9/10 0
12 70 M −45 vv 10/10 2
13 60 M 100 mv 9/10 0
14 63 M −23 mm 10/10 0
15 61 F 100 mv 9/10 0
16 66 M 82 mv 10/10 0
17 71 M 100 mv 10/10 0
18 61 F 100 mv 10/10 0
19 55 F 100 mv 9/10 0
20 51 M 60 mm 10/10 0
M = male, F = female; mm = met/met, mv = met/val, vv = val/val.protocol and analyses. A mixed model including data acquisition time
as additional factor was explored for a signiﬁcant effect of time using
an F-test, signiﬁcant at p b 0.05.
We correlated individual acoustic parameters with fMRI results but
did not ﬁnd any signiﬁcant correlation (all p N 0.05).
2.3.3. Perceptual speech analyses
Two independent experienced speech language pathologists, who
were otherwise not involved in this study, judged the recordings of
overt reading for pitch, loudness, voice quality, comprehensibility and
speech tempo with a standardized Speech Characteristics Rating Scale
(http://www.speech-language-therapy.com/~speech/pdf/scr.pdf)
(Skinder-Meredith, 2009) andwere asked to categorize speech samples
as belonging to patients (ON or OFF) or controls. Alike the acoustic
speech analyses (see above), condition-speciﬁc groupmeanswere com-
pared using mixed model analysis in SPSS and judged signiﬁcant at
p b 0.05.We additionally tested for differences in perceptual ratings be-
tween patients' data acquired at the timepoint of inclusion in the study
and at the follow up two years later (p b 0.05).
We correlated individual perceptual rating parameterswith fMRI re-
sults but did not ﬁnd any signiﬁcant correlation (all p N 0.05).
2.3.4. Speech initiation study
To study whether PD patients initiated speech more slowly than
control participants, we recorded speech reaction times while paramet-
rically decreasing instruction delays during a cue-target reading task
outside the scanner. Participants performed a reading task inwhich sen-
tence presentation was preceded by a visual cue (covert, neutral, or
happy), indicating whether the upcoming sentence had to be read co-
vertly (without orofacial movement, neutral internal intonation), or
overtly with neutral or happy intonation. We varied the instruction de-
lays between 0.33, 0.67, and 1.00 s (Sakai and Passingham, 2006) and
measured speech reaction times (deﬁned by the duration between
onset of visual sentence presentation as indicated by an auditory trigger
and speech intensity exceeding 20 dB). Condition-speciﬁc groupmeans
for reading with neutral or happy intonation as dependent variables
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lowing factors: task, instruction delay (0.33, 0.67, 1.00 s), group (20 PD
patients and 20 control participants for the two between group analyses
or 20 PD patients ON medication and 20 PD patients OFF medication for
thewithin group analyses).We tested for task- and instruction-delay de-
pendent group differences, signiﬁcant at p b 0.05.
2.3.5. Executive function test
All subjects performed a complex button press task programmed in
Presentation software (Neurobehavioral Systems, Albany, CA, USA) to
test for signiﬁcant differences in executive function. A visually present-
ed cue indicatedwith which hand the participants had to press a button
(right hand, left hand or both hands). After an instruction delay, ran-
domly jittered between 0.28, 0.38, 0.60 and 0.93 s, a visually presented
number (target) exactly informed participants about the ﬁnger(s) to
use for the button press. Condition-speciﬁc group means of manual re-
action times were compared using a mixed model analysis in SPSS in-
cluding the factors instruction delay (0.28, 0.38, 0.60 and 0.93 s) and
group (20 PD patients and 20 control participants for the two between
group analyses or 20 PD patients ON medication and 20 PD patients
OFF medication for the within group analyses). We tested for task-
dependent group differences, signiﬁcant at p b 0.05.
2.4. fMRI data acquisition
Data were collected using a 3 Tesla (T) magnetic resonance scanner
(Siemens Trio, Erlangen, Germany). We acquired two sessions of a
gradient-echo T2*-weighted transverse echo-planar imaging sequence
(EPI) (456 volumes each). Each volume included 33 axial slices with a
repetition time (TR) of 2000 ms, echo time (TE) of 30 ms, ﬂip angle of
90°, isotropic voxel size of 3 × 3 × 3 mm3, resolution 8 × 8 mm2, dis-
tance factor 25%, slice thickness of 3 mm. This sequence was optimized
for continuous functional MRI during 3 s of speaking (Preibisch et al.,
2003). A high-resolution T1-weighted anatomical scan (144 sagittal
slices, 1 slab, TR 2250 ms, TI 900 ms, TE 2.6 ms, ﬂip angle 9°, voxel
size 1 × 1 × 1 mm3, resolution 16 × 16 mm2, distance factor 50%,
slice thickness 1 mm) was obtained to identify potential structural
brain anomalies.
Subjects lay supine andwore headphones for delivery of the acoustic
cues (see below) and noise protection. The heads were immobilized
with foamcushions. A coil-mountedmirror allowed viewing the projec-
tion screen.Fig. 1. Study design. Participants performed a reading task during fMRI. An auditory cue indicat
vertly with neutral inner intonation, overtly with neutral intonation, or overtly with happy int
setup of task-relevant networks and an execution phase during which speech processing occu
reading either in green (preparation phase) or in red (execution phase). Group differences fo
and in yellow (execution phase).2.5. fMRI experimental procedure
Participants performed a sentence reading task during fMRI at 3 T.
After having been familiarizedwith the experimental setting, 75 seman-
tically neutral declarative German sentences not previously used for
training (e.g. ‘Große Regentropfen fallen rasch zur Erde’, translated:
‘Large raindrops quickly fall on the ground’) were presented for 3 s
each using Presentation software (Neurobehavioral Systems, Albany,
CA, USA). Their visual presentationwas preceded 2–4 s earlier by an au-
ditory instruction (covert, neutral, or happy), indicating whether the
upcoming sentence had to be read covertly (without orofacial move-
ment, neutral internal intonation), or overtly with neutral or happy in-
tonation. The 2–4 s in which subjects knew about the task rules and
could prepare the relevant brain networks were termed preparation
phase (Kell et al., 2011). The auditory cue did not inform about the con-
tent of the upcoming utterance, so that the preparation phase only
allowed for cognitive preparation and not for any linguistic processing
ormotor preparation. In every trial, each preparation phase was follow-
ed by a corresponding execution phase that included speciﬁc stimulus
processing upon sentence presentation (Fig. 1). Jittering the instruction
delays allowed for temporal de-correlation of variance related to prep-
aration and execution for analyses using SPM (Statistical Parametric
Mapping; http://www.ﬁl.ion.ucl.ac.uk/spm/). This was important to
speciﬁcally target effects related to cognitive preparation (reﬂecting
the set up of task-relevant networks) separately from stimulus-related
computation during linguistic and motor processing (Kell et al., 2011).
Given that a cue-target paradigmnecessitates the use of externally gener-
ated linguistic items (written sentences),we could not study spontaneous
speaking. Speech during reading differs from free speaking (Van Lancker
Sidtis et al., 2010) but is nevertheless affected by the disease (Van Lancker
Sidtis et al., 2012). The intertrial interval randomly varied between 2 and
10 s (mean 6 s). Speech output was recorded with an MRI-compatible
microphone (mr confon). The scanner background noise was ﬁltered
out from the recordings using Adobe Audition (San Jose, CA, USA) and be-
havioral data were screened for correct performance.
2.6. fMRI image preprocessing
fMRI datawere preprocessed and statistically analyzedwith the stan-
dard parameters of SPM8. EPI volumes were spatially realigned (Friston
et al., 1994), normalized to the standard EPI template of the Montreal
Neurological Institute (MNI) (Friston et al., 1995) and resampled to aned 2–4 s before sentence presentation whether the upcoming sentence should be read co-
onation. Trials thus consisted of a preparation phase that allowed for a condition-speciﬁc
rred. We illustrate group comparisons for overt reading with neutral intonation N covert
r happy N neutral intonation of overt reading are illustrated in blue (preparation phase)
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tropic 8 mm full-width-at-half-maximum (FWHM) Gaussian kernel.
2.7. fMRI whole-brain analysis of task-related activity changes
Individual fMRI data were analyzed using the standard general linear
model (GLM) for time-series in SPM8. Regressors capturing variance ex-
plained by the preparation and execution phaseswere entered separate-
ly for the three task conditions. This resulted in a linear model including
seven conditions: Preparation for covert reading, preparation for overt
reading with neutral intonation (neutral), preparation for overt reading
with happy intonation (happy), three respective regressors for the exe-
cution phases, and a single regressor for presentation of the auditory
cues to capture transient cue-related activations. All conditions of inter-
est were convolved with a canonical hemodynamic response function
(HRF). Regressors of no interest included six movement regressors con-
taining the realignment parameters. Data were globally normalized and
corrected for serial autocorrelations (AR1). The following contrasts were
calculated on the individual ﬁrst level: preparation for overt reading
with neutral intonation N preparation for covert reading, prepara-
tion for happy N neutral overt reading, execution of overt reading
with neutral intonation N execution of covert reading and execution
of happy N neutral overt reading. By using covert reading as cogni-
tive baseline for overt reading, we focus our analyses on sensorimo-
tor aspects of speech and control for potential differences in
linguistic processing (Kell et al., 2009). By contrasting happy with
neutral intonation, we target affective and sensorimotor aspects of
emotional prosody, as previously done in healthy participants
(Pichon and Kell, 2013).
For the whole-brain analyses of group differences, the individual
aforementioned contrast images were entered in t-tests. This was done
because we were interested in interactions between condition and
group (PDpatients ONmedication, PD patients OFFmedication, and con-
trols). As SPM ANOVAs do not allow for parallel deﬁnition of between
and within group factors, we tested for differences between patients
and controls (PD patients ON versus controls or PD patients OFF versus
controls) by using between group comparisons (two sample t-tests).
For comparing PD patients ON versus OFFmedicationwe separately per-
formed within group random-effects analyses (paired t-tests), as PD pa-
tients ON and OFF are dependent groups of identical individuals,
however under different treatment conditions.
To restrict our search space for group differences to regions that
responded to the conditions of interest, we created a mask covering the
volume that responded to the highest hierarchical condition (happy into-
nation) corrected for activity related to the lowest hierarchical condition
(covert reading).We thus additionally calculated the contrasts prepa-
ration for overt reading with happy intonation N preparation
for covert reading and execution of overt reading with happy
intonation N execution of covert reading on the ﬁrst level. Two one
sample t-tests were performed on these contrasts separately for the
studied groups and suprathreshold voxels summed linearly using the
imcalc tool in SPM (Fig. 2). A one sample t-test over all groups wouldFig. 2. Brain activation during task preparation and execution. This mask has been created by su
patients, each ON and OFF medication) for overt reading with happy intonation N covert readin
as mask for group comparisons. All voxels are signiﬁcant at p b 0.05 FWE corrected for multiphave largely eliminated voxels that differed in activity between groups.
The resulting activation map was thresholded at p b 0.05, family-wise
error (FWE) corrected for multiple comparisons and used as mask for
group analyses. To reduce Type I and Type II errors equally well, we re-
port interactions between groups and trial-phase speciﬁc conditions at
p b 0.005 (uncorrected)within themask at p b 0.05, FWE corrected for
multiple comparisons. We used this approach previously in a study on
developmental stuttering (Kell et al., 2009).
2.8. Effective connectivity analyses (psycho-physiological interactions)
Patients could differ from control participants not only in terms of
task-related activity but also in functional interactions between brain
regions.We thus additionally studied changes in functional connectivity
that are induced by overt speaking between twelve regions of interest
(ROIs) belonging to the speech network (separately for neutral and
happy intonation and separately for preparation and execution), so
called psycho-physiological interactions (PPI, effective connectivity)
(Friston et al., 1997). Such context-dependent modulations of correla-
tions between brain regions reﬂect measures of effective connectivity
that are independent of task-related activity changes in the studied re-
gions. This model-free measure has the advantage that more ROIs can
be studied compared to dynamic causal modeling and that no strong
sensory input needs to be pre-speciﬁed (which is a prerequisite to
study preparatory effective connectivity). PPIs test whether temporal
correlations between network nodes are modulated as a function of a
psychological variable like overt N covert reading and happy N neutral
intonation in our case. Please note that PPIs do not permit to infer direc-
tionality or causality (Friston et al., 1997; Gitelman et al., 2003). We se-
lected the main left-hemisphere speech network nodes established in
the literature: supplementary motor area (SMA) (−14, 2, 64), inferior
frontal gyrus (IFG) (−44, 32, −4), dorsal premotor cortex (dPMC)
(−40, 12, 44), auditory cortex (AC) (−40,−26, 12) and superior tem-
poral sulcus (STS) (−60,−28, 2) (Hickok and Poeppel, 2004), together
with the left caudate nucleus (CN) (−10, 14, 6), and left putamen (PUT)
(−28,−10, 8) as two subcortical structures involved in cognitive (CN)
and motor processes (PUT) (Simonyan et al., 2013). Given their role in
prosody production (Pichon and Kell, 2013), we additionally included
the right superior temporal sulcus (STS) (50, −36, 2), right dorsal
(dstriatum) (16, 10, 2) and ventral striatum (vstriatum) (22, 8, −6)
but also studied connectivity changes with two cognitive control re-
gions that showed anomalous activation patterns in our data, namely
the left dorsolateral prefrontal cortex (DLPFC) (−36, 30, 44) and left su-
perior parietal lobule (SPL) (−24,−74, 50). The ROIs were centered on
the local maxima of group activations within the anatomically deﬁned
regions.
For each seed region and task phase, separate PPIs were estimated.
This was done by extracting the individual time courses of the ﬁrst
eigenvariate from a single voxel representing the individual local max-
imum of activation in a sphere with 5 mm radius centered around the
peak of the group activation coordinate (see above). The time-series
were corrected for amplitude changes induced by conditions of interestmming linearly the one sample t-contrast maps of each group (20 control subjects, 20 PD
g separately for preparation (depicted in blue) and execution (shown in yellow) and used
le comparisons.
Table 4
Group differences in effective connectivity during cognitive preparation for overt vs.
covert reading with neutral intonation.
Anatomical region BA MNI-coordinates
(x, y, z)
T-value p-value
(SVC corr.)
Hypo-connectivity in PD patients
PD OFF b control
L dorsolateral prefrontal cortex
L caudate nucleus – −10, 22,−4 3.85 0.003
L inferior frontal gyrus
L dorsolateral PFC 9 −42, 28, 38 4.16 0.001
L supplementary motor area
L dorsolateral PFC 9 −38, 28, 38 3.23 0.011
PD ON b control
L dorsolateral prefrontal cortex
L inferior frontal gyrus 47 −32, 46,−6 3.75 0.003
L caudate nucleus – −8, 22,−6 3.37 0.008
L inferior frontal gyrus
L dorsolateral PFC 8, 9 −40, 30, 40 3.57 0.005
L supplementary motor area
L inferior frontal gyrus 47 −36, 46,−6 3.40 0.008
Hyper-connectivity in PD patients
PD OFF N control
L caudate nucleus
L putamen – −22, 0, 4 3.47 0.006
PD OFF N PD ON
L caudate nucleus
L putamen – −26, 0, 2 2.85 0.025
PD ON N control
L dorsal premotor cortex
L suppl. motor area 6 −14, 2, 62 3.90 0.002
Seed regions are left-justiﬁed and target regions are tabulated.
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uals of the individual models. The deconvolved time series were then
multiplied with volume-wise values reﬂecting whether the condition
of interest was ongoing or not. This produced a PPI regressor that
again was convolved with the canonical HRF before regressing it
voxel-wise over the entire brain.
The PPI design matrix contained three regressors for every subject
and seed region: one that reﬂected the physiological variable (adjusted
time course), the psychological variable (task regressor contrasted
against baseline) and a PPI regressor together with six realignment pa-
rameter regressors. We estimated four PPIs per seed region: One for
preparation for overt reading with neutral intonation N covert reading,
one for the execution of overt reading with neutral intonation N covert
reading and two respective PPIs for overt reading with happy
intonation N covert reading. The use of similar baselines for comparison
of PPIs is critical (McLaren et al., 2012). For PPI analyses of preparation
and execution of overt reading with neutral intonation N covert
reading, two sample t-tests were used to compare task-related mod-
ulation of effective connectivity of a given seed region with all other
ROIs (deﬁned by 5 mm spheres centered on the local maxima
of group activations, ROI-to-ROI analyses: CON vs. OFF and CON vs.
ON (between group analyses) and OFF vs. ON (within group
analysis)).
For connectivity pattern differences of affective prosodywe estimat-
ed a 3-way ANOVA separately for preparation and execution crossing
the following factors: subject (40 levels), group (2 levels), and condition
(2 levels: overt reading with happy intonation N covert reading and
overt reading with neutral intonation N covert reading). As SPM ﬂexi-
ble factorial designs currently do not allow for parallel deﬁnition
of between and within group factors, we performed separate analy-
ses for each group comparison (CON vs. OFF, CON vs. ON and OFF
vs. ON) each for preparation and execution of happy N neutral
intonation.
We report group differences in effective connectivity between the
twelve studied ROIs using small volume correction (SVC) within the
same spheres that served as search volumes for the individual maxima,
thresholded at p b 0.05, family-wise error (FWE) corrected for multiple
comparisons within the search volumes in Tables 4, 6, 9 and 10 and il-
lustrate them (Fig. 3, 5, 7 and 8) by depicting abstract (non-spherical)
markers of those brain regions that show group differences in effective
connectivity. Decreased effective connectivity in PD patients is illustrat-
ed in bluish gray, while increases in effective connectivity are illustrated
in the color that corresponds to the condition and trial phase of interest
(Fig. 1).
For all imaging results we identiﬁed the Brodmann areas corre-
sponding to the MNI coordinates of activation by using the probability
maps from the anatomy toolbox for SPM (Eickhoff et al., 2005) and
the Tailarach daemon, the stereotactic atlas of the human brain
(Lancaster et al., 2000; Talairach and Tournoux, 1988).
3. Results
The present study investigated the differences in voxel-wise brain
activity and effective connectivity between selected ROIs during prepa-
ration for and execution of overt speaking (with neutral or happy into-
nation, respectively) in early PD patients without any overt speech or
voice difﬁculties at the time of testing (ON and OFF medication) com-
pared to healthy controls.
3.1. Behavioral results of overt reading
Due to the inclusion of only early stage PD patients (prior to Parkin-
sonian speech symptom onset), neutrally intonated speech did not sig-
niﬁcantly differ between PD patients and controls or between PD
patients OFF and ON medication regarding all parameters of acoustic
contrastivity (Inline Supplementary Table S1).Consistent with these ﬁndings of acoustic speech analyses, speech
recordings were also perceptually indistinguishable and did not reveal
any signiﬁcant differences in perceptual ratings (Inline Supplementary
Table S2a and b). Inter-rater reliability was high (Pearson correlation
between ratings r = 0.7; p b 0.05).
These early PD patients, still unaffected by overt speech symptoms,
did not yet show speech initiation deﬁcits or worse performance on ex-
ecutive testing, both OFF or ON medication, compared to the matched
control participants (Inline Supplementary Table S3). No differences
were observed between ON or OFF medicated state.
Those PD patients who were re-tested behaviorally after two years
showed a decrease in speech intensity (p = 0.033, Cohen's d 2.4) and
spectral change (p b 0.001, Cohen's d 3.4), driven by the trained affec-
tive prosody condition (Inline Supplementary Table S4) with a concom-
itant decrease in perceptual loudness (p = 0.001, Cohen's d 1.7), driven
by the untrained affective prosody condition (Inline Supplementary
Table S5). These results conﬁrm that our patient sample was indeed
pre-symptomatic regarding speech symptoms at the time of scanning.
Inline Supplementary Table S1 can be found online at http://dx.doi.
org/10.1016/j.nicl.2013.10.016.
Inline Supplementary Table S2 can be found online at http://dx.doi.
org/10.1016/j.nicl.2013.10.016.
Inline Supplementary Table S3 can be found online at http://dx.doi.
org/10.1016/j.nicl.2013.10.016.
Inline Supplementary Table S4 can be found online at http://dx.doi.
org/10.1016/j.nicl.2013.10.016.
Inline Supplementary Table S5 can be found online at http://dx.doi.
org/10.1016/j.nicl.2013.10.016.3.2. fMRI results of overt reading with neutral intonation
We ﬁrst present activity and connectivity results during cognitive
preparation (preparation phase) before detailing effects of ongoing ar-
ticulation (execution phase).
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neutral intonation
All participants pre-activated the bilateral caudate nuclei, mesial and
inferior lateral prefrontal areas togetherwith anterior insula during cog-
nitive preparation prior to motor preparation (see also Fig. 2) without
any signiﬁcant group differences.3.2.2. Effective connectivity during cognitive preparation for overt reading
with neutral intonation
Despite the absence of signiﬁcant brain activity differences between
groups, effective connectivity during cognitive preparation for overt
reading differed between PD patients and controls.
Relative to healthy controls, PD patients showed a hypo-connectivity
between the left CN and the DLPFC, IFG and supplementary motor area
(SMA) during cognitive preparation, independent of dopaminergic state
(Fig. 3, left and right upper panels; Table 4).
Increases in effective connectivity compared to controls were ob-
served during preparation for overt speech: Only PD patients OFF medi-
cation exhibited subcortical hyper-connectivity between the CN and
motor PUT (Fig. 3, left lower panel; Table 4). This subcortical hyper-
connectivitywas levodopa-responsive (Fig. 3, left lower panel asterisked;
Table 4). PD patients ONmedication instead showed stronger connectiv-
ity between left dPMC and SMA compared to controls (Fig. 3, right lower
panel; Table 4).Fig. 3. Group differences in effective connectivity during cognitive preparation for overt vs. cov
fective connectivity was reduced in PD patients compared to controls (hypo-connectivity is s
(PD patients N controls) are illustrated in the lower panels (hyper-connectivity is shown in g
the left side, with PD ON medication on the right side. Levodopa-responsive anomalies in ef
FWE corrected after SVC.3.2.3. Brain activity during overt reading (execution phase)
The general activation pattern of overt reading is illustrated in Fig. 2
and showswidespread bilateral perisylvian, basal ganglia and cerebellar
involvement for all groups. PD patients over-activated left prefrontal re-
gions involved in feedforward processing and executive control: The left
dorsal premotor cortex (dPMC) and IFG were more strongly recruited
when overt speech was produced compared to healthy controls
(Fig. 4, left and right panels; Table 5).
In turn,we observed a decreased relative suppression of auditory cor-
tex (AC) activity during processing of external auditory feedback (hear-
ing one own's voice) in PD patients compared to controls with no
signiﬁcant differences between OFF and ON (p = 0.575) (Fig. 4, left
and right panels; Table 5). The decrease of relative auditory cortex sup-
pression correlated positively with the recruitment of left IFG
(r = 0.83, p = 0.001).
Therewere no signiﬁcant levodopa effects on brain activation during
overt reading.3.2.4. Effective connectivity during overt reading (execution phase)
Pathological hypo-connectivity in PDwas observed between the left
dPMC and the auditory feedback processing left AC (Fig. 5, left and right
upper panels; Table 6). In PD OFF state, these regions were also less
functionally connected with the left caudate nucleus (CN) compared
to controls (Fig. 5, left upper panel; Table 6).ert reading with neutral intonation. Upper panels show brain regions between which ef-
hown in bluish gray). ROIs that exhibited increased effective connectivity between them
reen). Comparisons between controls and PD patients OFF medication are illustrated on
fective connectivity are asterisked (*). All group differences were signiﬁcant at p b 0.05,
Fig. 4.Group differences inbrain activity duringovert vs. covert readingwith neutral intonation (execution phase). Compared to controls, PDpatients over-activated the left inferior frontal
gyrus, dorsal premotor cortex, and auditory cortex (the latter signiﬁcant only for the OFF state, depicted in the left, in the ON state this group difference was just below threshold but not
signiﬁcantly different from the OFF state). All group differences were signiﬁcant at p b 0.005, uncorrected, masked inclusively with the task-relevant network at p b 0.05, FWE corrected.
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creases in effective connectivity also during execution of overt speech:
An increase in effective connectivity compared to controlswas observed
only in PD patients OFFmedication betweenmotor putamen (PUT), the
left dPMC, IFG, dorsolateral prefrontal cortex (DLPFC) and superior tem-
poral sulcus (STS) (Fig. 5, left lower panel; Table 6). Because this hyper-
connectivity between the motor and executive control system and the
sensory speech representations in STS was levodopa-responsive
(Fig. 5, left lower panel asterisked and right lower panel; Table 6) and
behaviorwas similar in ON andOFF state, it likely reﬂects compensatory
efforts.3.3. fMRI results of generation of affective prosody
3.3.1. Activity differences for affective prosody preparation and production
Activity maps revealed inverted activation proﬁles during prepara-
tion and execution of overt reading with happy versus neutral intona-
tion: During preparation for affective compared to neutral prosody, PD
patients over-activated the left DLPFC (Fig. 6, left lower panel;
Table 7). This region was then hypo-activated during prosody produc-
tion in PD relative to controls (Fig. 6, right upper panel; Table 8).
An opposite activation pattern was observed in the left superior pa-
rietal lobule (SPL) (Fig. 6, left upper and right lower panels; Tables 7 and
8): This region was hypo-activated during preparation in PD patients
butmore strongly involved during actual prosody production. Addition-
ally, during preparation for affective prosody PD patients showed in-
creased activation in the left occipito-temporal junction. No effect of
medication on prosody-related brain activity was found.Table 5
Group differences in brain activity during overt vs. covert reading with neutral intonation
(execution phase).
Anatomical region BA MNI-coordinates (x, y, z) T-value p-value
Hyper-activity in PD patients
PD OFF N control
L inferior frontal gyrus 47 −42, 32,−4 5.18 0.000
L dorsal premotor cortex 6 −40, 12, 44 4.18 0.000
L auditory cortex 41, 42 −40,−26, 12 3.53 0.001
PD ON N control
L inferior frontal gyrus 45 −36, 44, 6 5.14 0.000
L dorsal premotor cortex 6 −38, 12, 44 3.77 0.000
L auditory cortex 41, 42 −38,−28, 8 2.64 0.006a
a Subthreshold.3.3.2. Effective connectivity during preparation for and execution of
affective prosody
The hypo-activated left SPL was less functionally connected to the
left IFG during preparation for affective prosody in PD patients (ON
and OFF medication) relative to controls (Fig. 7, left and right upper
panels; Table 9). During actual affective prosody production, the rela-
tively over-activated left SPL was then hyper-connected to the left
SMA (Fig. 8, left and right lower panels; Table 10).
In contrast, the aforementioned preparatory over-recruitment of the
left DLPFC in PD patients was also accompanied by preparatory striato-
prefrontal hyper-connectivity between the left DLPFC, SMA, IFG, and CN
(Fig. 7, left and right lower panels; Table 9).
In addition,we found reduced preparatory effective connectivity be-
tween the right limbic ventral striatum (vstriatum: 22, 8,−6) and sen-
sorimotor dorsal striatum (dstriatum: 14, 14,−4; p = 0.016 SVC corr.)
in PD patients OFFmedication (not illustrated; Table 9)when preparing
for affective prosody. During actual production of happy intonation (ex-
ecution phase), the right STS connected less efﬁciently to the right sen-
sorimotor dorsal striatum in PD patients OFF medication compared to
controls (Fig. 8, left and right upper panels; Table 10).
4. Discussion
Voice and speech symptoms in PDmay be a consequence of different
functional anomalies that we detected prior to symptom onset in early
PD patients. First, hypophonia may result from hampered and thus
diminished motor drive or ‘energization’ on the basis of striato-
prefrontal hypo-connectivity in PD together with dysfunctional self-
monitoring mechanisms. Second, the reduced monitoring of one's
own utterances (external auditory feedback) could additionally affect
the sharpness of speech motor representations and result in dysarthria
in the long term,when the disease progresses. Third, disturbedmodula-
tion of speech routines by affective statemay impair generation of affec-
tive prosody on the basis of a pathological interplay between limbic and
sensorimotor parts of the striatum. Fortunately, PD patients show com-
pensation that can serve as model for future therapies.
4.1. Diminished ‘energization’ underlies voice symptoms
Although all participants activated prefrontal brain regions and cau-
date nuclei without any signiﬁcant group differences during the prepa-
ratory setup of the speech network, pathological hypo-connectivity
between the CNand prefrontal cortices (IFG, DLPFC, SMA)was observed
in PD patients independent of dopaminergic medication. Because this
Fig. 5.Group differences in effective connectivity during overt vs. covert reading with neutral intonation (execution phase). Upper panels illustrate brain regions betweenwhich effective
connectivity was reduced in PD patients compared to controls (hypo-connectivity is shown in bluish gray). ROIs that exhibited increased effective connectivity between them (PD
patients N controls) are illustrated in the lower panels (hyper-connectivity depicted in red). Comparisons between controls and PD patients OFF medication are illustrated on the left
side, with PDONmedication on the right side. Levodopa-responsive anomalies in effective connectivity are asterisked (*). All group differences were signiﬁcant at p b 0.05, FWE corrected
after SVC.
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fective connectivity during cognitive preparation in PDmay point to di-
rect consequences of subcortical pathology. As pathoanatomical disease
markers are mostly restricted to subcortical regions in early PD (Braak
and Braak, 2000), our data suggest that basal ganglia pathology could
induce hypophonia by affecting cortico-basal loops (Alexander and
Crutcher, 1990). Direct cortico-striatal ﬁber projections between the
DLPFC and the ipsilateral CN (Goldman and Nauta, 2004) suggest that
the CN plays an important role in subcortical modulation of prefrontal
function. The prefrontal cortex serves at least two different functions
during preparation of a given task: First, medial prefrontal cortices me-
diate the drive for action, a function that has been termed ‘energization’
(Kouneiher et al., 2009; Stuss and Alexander, 2007) and that is impaired
in akinetic mutism. Second, lateral prefrontal cortices code task rules
and thus contribute in recruiting brain regions for orchestrated pro-
cessing in a functional network (Dosenbach et al., 2006; Sakai and
Passingham, 2006). The observed pathological hypo-connectivity be-
tween medial and lateral PFC and the CN may thus be interpreted as
dysfunctional cognitive preparation for the motor act of articulation
due to subcortical dopamine deﬁciency. Importantly, motor preparation
and planning could only take place during the execution phase of trials
when linguistic material was presented. Thus, our data suggest that
hypophonia could be a consequence of hampered and thus diminished
‘energization’ and/or task coding, which is a non-motor deﬁcit. It is
tempting to speculate that initiation deﬁcits as part of hypokinesia in
general could at least partly be explained by reduced ‘energization’ in
the cognitive domain on the basis of reduced striato-prefrontalconnectivity. Yet, given that hypophonia is not levodopa-responsive,
while general hypokinesia usually is, diminished ‘energization’ may
only partly account for hypophonia. Muscle stiffness may also contrib-
ute to the generation of this symptom. Together, these factors may in-
duce hypophonic speech with the typical ﬂat prosodic proﬁle.
Our patient sample did not show signiﬁcant speech initiation deﬁcits,
which suggests compensatory mechanisms. Indeed, we found levodopa-
responsive increases in effective connectivity during cognitive prepara-
tion for overt speech between associative CN and motor PUT (Simonyan
et al., 2013) in PD OFF state. In contrast to previous studies (Maillet
et al., 2012), after dopamine intake, PD patients showed stronger connec-
tivity between dPMC and SMA compared to controls suggesting that once
dopamine levels are restored, a different compensatory mechanism
involving dorsal premotor cortices becomes functional. Strikingly, recruit-
ment of the SMA has previously been related speciﬁcally with levodopa-
induced improvement of general hypokinetic (Haslinger et al., 2001; Wu
et al., 2011) and voice symptoms (Liotti et al., 2003) in PD.
We thus propose that striato-prefrontal hypo-connectivity during
cognitive preparation for action may eventually result in motor initia-
tion deﬁcits but is compensated in early PD by subcortical plasticity.
On medication, medial and lateral dorsal premotor cortices hyper-
connect and contribute to compensation. Given that the former is in-
volved in self-generated movement while the latter is more related to
externally guided action (Cunnington et al., 2002; Jahanshahi et al.,
1995), this particular cortical compensatory mechanism could poten-
tially explain the efﬁcacy of external cueing in PD. Providing external
cues is particularly relevant in PD speech therapy, where dysfunctional
Table 6
Group differences in effective connectivity during overt vs. covert reading with neutral
intonation (execution phase).
Anatomical region BA MNI-coordinates
(x, y, z)
T-value p-value
(SVC corr.)
Hypo-connectivity in PD patients
PD OFF b control
L auditory cortex
L caudate nucleus – −16, 0, 20 2.93 0.020
L dorsal premotor cortex
L caudate nucleus – −16,−2, 20 2.83 0.028
PD ON b control
L auditory cortex
L dorsal premotor cortex 6 −28,−10, 58 3.15 0.014
Hyper-connectivity in PD patients
PD OFF N control
L dorsolateral prefrontal cortex
L putamen – −22, 0, 4 3.89 0.002
L dorsal premotor cortex
L inferior frontal gyrus 45 −38, 26, 12 3.48 0.007
L superior temporal sulcus
L inferior frontal gyrus 45, 46 −34, 30, 14 3.16 0.012
L dorsolateral PFC 8 −38, 34, 38 3.03 0.017
PD OFF N PD ON
L dorsolateral prefrontal cortex
L putamen – −26, 8,−2 2.94 0.022
L inferior frontal gyrus
L dorsal premotor cortex 6 −46, 20, 44 4.11 0.001
L superior temporal sulcus
L inferior frontal gyrus 44 −58, 14, 6 2.94 0.021
L dorsolateral PFC 9 −42, 34, 28 2.73 0.034
Seed regions are left-justiﬁed and target regions are tabulated.
92 C. Arnold et al. / NeuroImage: Clinical 4 (2014) 82–97self-monitoring mechanisms have been described both regarding pho-
nematic processing (Mollaei et al., 2013) and scaling of speech intensity
(Ho et al., 1999, 2000). Importantly, one aspect of the well-described
LSVT is the focus on increasing loudness by increasing speech effort
and automatizing it (Fox et al., 2002).We speculate that the therapeutic
instruction results in a re-calibration of motor drive which in turn nor-
malizes behavior and cortical functional anomalies in symptomatic PD
patients (Liotti et al., 2003).
4.2. Reduced monitoring of external auditory feedback in PD
Compared to healthy controls, PD patients prior to speech symptom
onset over-activated prefrontal regions involved in feedforward process-
ing (Hickok and Poeppel, 2007; Perrier, 2012) and executive control
(Kouneiher et al., 2009) (as previously demonstrated by Liotti et al.
(2003) and Pinto et al. (2004) for symptomatic patients) and showed di-
minished physiological auditory cortex suppression during overt speak-
ing independent of their dopaminergic state (ON or OFF treatment).
Physiologically, AC activity is relatively suppressed during speech pro-
duction or vocalization to increase sensitivity towards changes in exter-
nal auditory feedback (Chang et al., 2012; Eliades andWang, 2008). This
suppression likely results from an interaction between motor and audi-
tory cortices, potentially in form of a corollary discharge or efference
copy of the feedforward motor command. The hypo-connectivity be-
tween auditory and dorsal premotor cortices supports the notion that
PD patients monitor less their own external auditory feedback as previ-
ously suggested on the behavioral level (Ho et al., 2000; Mollaei et al.,
2013). This could be a direct consequence of subcortical pathology
given that the left AC is functionally coupled to the nigro-striatal dopami-
nergic system during speech production (Simonyan et al., 2013).
Dysfunctional self-monitoring of speech intensity is a necessary patho-
physiological component leading to voice symptoms, because if PD pa-
tients spontaneously detected their hypophonia (which is not the case
on the behavioral level) they could correct their reduced motor drive.
Reduced use of external auditory feedback could also ultimately lead
to speech symptoms: External auditory feedback may additionallyinform a so called internal model that is thought to map phonematic
speechmotor representations onto representations of their sensory tar-
gets (Hickok et al., 2011). This internal model has been acquired during
language learning but is also later throughout life constantly adapting to
changes that otherwise would affect speech comprehensibility (Shiller
et al., 2010). Such a mapping of sensory consequences of articulatory
gestures critically depends on neurons with extremely narrow tuning
curves (Engel and Wang, 2011). In PD, increased neural noise (Frank,
2005; Nicola et al., 2004) could render auditory-motor interactions inef-
fective that depend on precise mapping between ﬁnely tuned neuronal
populations. We propose that as a consequence of reduced monitoring
of external auditory feedback the internal speechmotor representations
are insufﬁciently updated, asking for additional executive control to
maintain speech normal in early stages of the disease. This interpreta-
tion is supported by our ﬁnding that those PD patients whomonitor au-
ditory feedback less activate motor representations more strongly.
While the functional anomalies in terms of activation proﬁles were
not levodopa-responsive, we observed a pronounced increase in effec-
tive connectivity between motor PUT, left prefrontal cortex (DLPFC,
dPMC, and IFG), and the left STS in PD patients OFF medication which
normalized after levodopa administration. The STS is thought to repre-
sent sensory speech representations while motor speech representa-
tions are found in opercular parts of the IFG. The dPMC plays a role in
sensorimotor mapping and all regions are thought to contribute to the
proposed internal model of speech processing (Hickok and Poeppel,
2007; Hickok et al., 2011). Given that patients produced normal speech
both ON and OFF levodopa, the observed hyper-connectivity in regions
associated with the internal speech model could point to increased
mapping effort in internal sensorimotor loops in the OFF state. Levodo-
pa administration seems to reduce the need for such compensation,
possibly due to reduced neural noise in the system.
Taken together, our data suggest a reduced use of external auditory
feedback that together with the diminished drive to act results in
hypophonia but could also induce dysarthria on the basis of a successive
deterioration of phonematic speech motor representations. However,
even PD patients in later stages of their disease are able to achieve nor-
mal speaking if a therapist provides a useful external model or assists in
increasing loudness (Fox et al., 2002). This suggests that although the
auditory self-monitoring mechanisms are not fully operational, PD pa-
tients can use feedback given by a therapist to modulate speech behav-
ior (Fox et al., 2002). This likely involves plasticity in cortico-basal loops.
Once the prefrontal cortices are neuropathologically involved in the
progressive disease, the therapeutic effects may vanish and speech in-
telligibility may deteriorate to incomprehensible levels due to fading
speech motor representations or insufﬁcient executive control.
4.3. ‘Artiﬁcial’ affective prosody as potential therapeutic tool
The included PD patients who did not yet experience overt speech
symptoms produced normal affective prosody characterized on the
acoustic level by stronger modulation of speech melody and increased
intensity compared to neutral speech. Yet, these were the parameters
that were ﬁrst affected 2 years after inclusion in the study suggesting
that affective prosody entails high demands on modulation of speech
melody. Given thatwe trained all participants to produce happy intona-
tion despite the neutral nature of the sentences, this condition can be
interpreted as depending on an external model given by the experi-
menter. Indeed, PD patients in early stages of their disease are able to
achieve normal affective prosody when they are requested to imitate
emotional speech (Möbes et al., 2008).
We have previously shown that preparation for affective prosody
generation relates to a functional interplay between ventral and dorsal
striatum together with increased effective connectivity between stria-
tum and a cortical network involved in autobiographical memory
(Pichon and Kell, 2013). PD patients OFF medication showed dimin-
ished functional coupling between right ventral and dorsal striatum
Fig. 6.Group differences in brain activity during generation of affective vs. neutral prosody (preparation and execution phase). Only the comparison between PD patients OFFmedication
and controls is illustrated, as the contrast of PD patients ON state vs. controls revealed the same results. Compared to controls, PD patients hypo-activated the left superior parietal lobule
and over-activated the left dorsolateral prefrontal cortex during preparation for affective prosody (preparation for affective prosody is shown in blue, on the left). During prosody produc-
tion an opposite patternwas observed (execution of affective prosody is illustrated in yellow, on the right). Upper panels: hypo-activations, lower panels: hyper-activations in PD patients
vs. controls. All group differences were signiﬁcant at p b 0.005, uncorrected, masked inclusively with the task-relevant network at p b 0.05, FWE corrected.
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tive prosody in our experiment was ‘artiﬁcial’ and not authentic and
depended largely on an external therapeutic model. Nevertheless,
healthy controls seemed to have better access to limbic information
compared to early PD patients.
Patients also showed a functional anomaly on the cortical level:
They involved prefrontal cortices more strongly than controls during
cognitive preparation while physiological parietal pre-activation was
delayed into the execution phase together with a similarly altered con-
nectivity proﬁle. Hence,we speculate that this could reﬂect different ex-
ecutive control of model learning in PD patients compared to controls.
Recent neuroimaging studies revealed that parietal cortices contributeTable 7
Group differences in brain activity during cognitive preparation for affective vs. neutral
prosody.
Anatomical region BA MNI-coordinates (x, y, z) T-value p-value
Hypo-activity in PD patients
PD OFF b control
L superior parietal lobule 7 −24,−74, 52 4.93 0.000
PD ON b control
L superior parietal lobule 7 −24,−74, 52 5.39 0.000
Hyper-activity in PD patients
PD OFF N control
L dorsolateral PFC 8, 9 −34, 30, 44 4.11 0.000
L middle occipital gyrus 19 −38,−90, 6 3.21 0.000
PD ON N control
L dorsolateral PFC 8, 9 −36, 30, 44 2.87 0.002
L inferior occipital gyrus 19 −36,−82,−6 4.08 0.000to sensorimotor adaptation for speech (Shum et al., 2011) and monitor
features of produced speech (Carota et al., 2010). In addition, over-
activations of lateral premotor and inferior parietal cortices during
motor movements have been identiﬁed as compensatory mechanism
for reduced striato-mesial-prefrontal activation in PD (Sabatini et al.,
2000; Samuel et al., 1997). As described above, this exact striato-
prefrontal connectivity (CN, SMA, IFG, and DLPFC) is pathologically de-
creased during cognitive preparation for neutral speech in PD patients
(ON and OFF medication). Thus, training speech melody and loudness
with an external model and therapeutic feedback (as instantiated for
happy reading in our experiment) partly remedied this functional
anomaly. The LSVT program focuses on training loudness but effects
generalize to improvements of speech modulation (prosody), articula-
tion, and even facial expression (Fox et al., 2002). Interestingly, the ex-
tension of this speciﬁc therapeutic approach into physiotherapy, the so-Table 8
Group differences in brain activity during execution of affective vs. neutral prosody.
Anatomical region BA MNI-coordinates (x, y, z) T-value p-value
Hypo-activity in PD patients
PD OFF b control
L dorsolateral PFC 8, 9 −36, 30, 44 5.45 0.000
PD ON b control
L dorsolateral PFC 8, 9 −34, 32, 44 3.20 0.001
Hyper-activity in PD patients
PD OFF N control
L superior parietal lobule 7 −26,−70, 52 4.03 0.003
PD ON N control
L superior parietal lobule 7 −24,−74, 50 4.42 0.001
Fig. 7.Groupdifferences in effective connectivity during cognitive preparation for affective vs. neutral prosody. Upper panels showbrain regions betweenwhich effective connectivitywas
reduced in PD patients compared to controls (hypo-connectivity is shown in bluish gray). ROIs that exhibited increased effective connectivity between them (PD patients N controls) are
illustrated in the lower panels (hyper-connectivity is shown in blue). Comparisons between controls and PDpatients OFFmedication are illustrated on the left side,with PDONmedication
on the right side. All group differences were signiﬁcant at p b 0.05, FWE corrected after SVC.
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the amplitude of speech and non-speech movements by external ther-
apeutic models is efﬁcient in reducing hypokinesia in general. In theseTable 9
Group differences in effective connectivity during cognitive preparation for affective vs.
neutral prosody.
Anatomical region BA MNI-coordinates
(x, y, z)
T-value p-value
(SVC corr.)
Hypo-connectivity in PD patients
PD OFF b control
L superior parietal lobule
L inferior frontal gyrus 44, 45 −46, 16, 4 3.52 0.004
R ventral striatum
R dorsal striatuma – 14, 14,−4 2.99 0.016
PD ON b control
L superior parietal lobule
L inferior frontal gyrus 45 −34, 18, 6 3.36 0.007
Hyper-connectivity in PD patients
PD OFF N control
L supplementary motor area
L dorsolateral PFC 9 −40, 26, 38 3.26 0.008
PD ON N control
L dorsolateral prefrontal cortex
L inferior frontal gyrus 47 −48, 28,−2 2.82 0.024
L caudate nucleus – −6, 18,−4 2.90 0.011
L supplementary motor area
L dorsolateral PFC 9 −40, 24, 38 3.64 0.003
Seed regions are left-justiﬁed and target regions are tabulated.
a Not illustrated.therapy programs, patients learn to overcome their hesitation to move
and speak in a way they often describe as exaggerated. Consequently,
patients initially largely depend on external feedback given by the ther-
apist before they automatize the newly learnedmotor routines. This ad-
equately circumvents the here shown dysfunctional auditory self-
monitoring systems of PD patients.
Pleasenote that signs of reducedmonitoring of external auditory feed-
back (as described for neutral intonation above) were also observed for
generation of affective prosody: The right STS that has previously been
shown to be sensitive to acoustic features of prosodicmodulations in per-
ceptual (Wiethoff et al., 2008) and speech production studies (Pichon and
Kell, 2013) was less functionally coupled to the right dorsal striatum dur-
ing execution of affective prosody in PD patients OFF medication.
4.4. Limitations
In our study some limitations occur. Given that we did not conduct a
longitudinal study, we cannot answer the question how the anomalies
detected in the included early PD patients develop once the disease pro-
gresses and compensatory mechanisms may fail. Another limitation was
the use of a reading task in our study as compared to free speech. Reading
clearly differs from free speaking but is nevertheless affected in PD (Van
Lancker Sidtis et al., 2012). Yet, because we were interested in cognitive
task preparation, we were not able to study free speech. Reading is also
an easier task than sentence repetition in the noisy scanner conditions.
We used PPI analyses to assess effective connectivity changes.While
this robust measure has important advantages over model-based con-
nectivity analyses (see Material and methods), it does not allow for
Fig. 8.Group differences in effective connectivity during execution of affective vs. neutral prosody. Upper panels illustrate brain regions betweenwhich effective connectivity was reduced
in PDpatients compared to controls (hypo-connectivity is shown in bluish gray). ROIs that exhibited increased effective connectivity between them(PDpatients N controls) are illustrated
in the lower panels (hyper-connectivity depicted in yellow). Comparisons between controls and PD patients OFFmedication are illustrated on the left side, with PD ONmedication on the
right side. All group differences were signiﬁcant at p b 0.05, FWE corrected after SVC.
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(Friston et al., 1997). A further step would be the use of dynamic causal
modeling to search for differences in causality and directionality in a
more selected set of brain regions. Finally, connectivity analyses so far
are restricted to a certain number of regions of interest so that we can-
not rule out other changes in effective connectivity beyond the studied
regions.
4.5. Conclusion
Taken together, our data show that PD patients' hypophonia could
arise from a diminished drive to act resulting from a pathologicalTable 10
Group differences in effective connectivity during execution of affective vs. neutral prosody.
Anatomical region BA MNI-coordinates
(x, y, z)
T-value p-value
(SVC corr.)
Hypo-connectivity in PD patients
PD OFF b control
R superior temporal sulcus
R dorsal striatum – 12, 10, 6 3.48 0.005
Hyper-connectivity in PD patients
PD OFF N control
L superior parietal lobule
Suppl. motor area 6 2, 18, 64 2.88 0.021
PD ON N control
L superior parietal lobule
Suppl. motor area 6 0, 22, 60 3.55 0.004
Seed regions are left-justiﬁed and target regions are tabulated.functional interplay between the striatum and prefrontal cortices that
is accompanied by dysfunctional self-monitoring mechanisms. Given
that PD patients monitor less the sensory outcome of their utterances
even before they become symptomatic, faded speechmotor representa-
tions may be a cause rather than a consequence of hypokinetic dysar-
thria. While these symptoms may be partly remedied by levodopa-
induced facilitation of cortical compensatory mechanisms involving
dorsal premotor cortices, behavioral therapies more efﬁciently improve
speech by complementing the fading internal model by newly learned
speech routines on the basis of external models and feedback given by
the therapist.
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